Introduction
Multiple sclerosis (MS) is an autoimmune disease of the central nervous system (CNS) [1] that manifests as three subtypes, the most common being the 'relapsing-remitting' (RR) which generally shifts to a 'secondary progressive' form (SP). A third type is the 'primary progressive' (PP) MS, characterized by a poor prognosis and usually managed with symptomatic treatments [2] . Throughout the disease progression, MS patients can experience a worsening of the motor, cognitive and emotional symptoms, as well as an increase in the disability level. Currently, there is a growing interest toward finding a reparative therapy capable of stopping the disease evolution and reversing the subsequent damage. In other words, a therapy with immunomodulatory, neuroprotective, neuroregenerative and remyelinating effects would be of great help.
In this perspective, stem cells therapies have been evaluated in MS and its animal model, the experimental autoimmune encephalomyelitis (EAE); the available publications include hematopoietic stem cells (HSCs), mesenchymal stem cells (MSCs) and neural stem cells, among others.
Stem cells studies
To start, HSCs exist in the bone marrow (BM), are able to completely restore all blood-cell lineages after BM ablation in vivo, and by doing so might improve MS patients [3] . The rationale behind such a therapy relies on the idea of restoring the aberrant immune system in MS by destroying the autoreactive T-cells and replacing them with non-autoreactive ones. The pioneering preliminary clinical studies using autologous HSCs in MS patients have adapted an open label and uncontrolled design and documented some improvement or stabilization of the clinical and Multiple sclerosis (MS) is an autoimmune disease of the central nervous system and represents a major cause of disability in young adults. Nowadays, the dichotomy between demyelination and neurodegeneration has been challenged, and both processes are believed to occur independently early in the disease process. 'Relapsing-remitting' MS is the most common subtype which generally shifts to a 'secondary progressive' form; MS progression is usually accompanied by a worsening of the motor, cognitive and emotional symptoms, as well as an increase in the disability level. Primary progressive MS represents a third subtype with severe disability scores, poor prognosis, and usually symptomatic management. In this perspective, an ideal therapy should have immunomodulatory, neuroprotective, regenerative and remyelinating potentials. Here, we discuss the promising abilities of stem cells therapies in patients with MS. The available data are tackled aiming to overcome the previously faced limitations and pave the way for larger scale randomized and controlled studies.
imaging data [4] [5] [6] . However, they reported some degree of transplantrelated mortality [4, 5] . In a recent, multicenter, phase II, randomized trial, 21 RR or SP MS patients received either HSCs or mitoxantrone [7] . A significant improvement was found in the HSCs group compared to their mitoxantrone-treated counterparts, as evidenced by improvement in the annual relapse rate and MRI parameters. Keeping in mind that a full eradication of all the hematopoietic cells (myeloablation) is faced with numerous side effects, applying a selective eradication of self-reactive T cells (nonmyeloablation) might be sufficient to halt the progression of the disease. This idea was supported by one study involving 4 RR, 4 PP and 33 SP MS patients [8] . Here, low intensity HSCs transplantation resulted in a promising clinical outcome with lesser lethality or side effects compared to intermediate intensity HSCs therapy.
However, the immunomodulatory and immunosuppressive abilities of HSCs alone might be unable to improve late-stage progressive MS, where axonal damage is the hallmark behind the neurological deterioration. In this perspective, MSCs might be an appealing tool to overcome these limitations. MSCs are pluripotent nonhematopoietic precursor cells that could be harvested from different sites, mainly the BM (BM-MSCs), adipose tissues, or umbilical cords. In vitro and in vivo, MSCs can differentiate into other lines of mesodermal cells, as well as to non-mesenchymal cell lineages, particularly to neurons [9] . EAE studies proposed the MSCs ability to promote neurorehabilitation through various mechanisms such as decreasing the inflammatory cells infiltration into the CNS, inducing T-cell anergy, promoting the proliferation of regulatory T cells, recruiting local progenitors, among others. They can act either directly by engrafting into the damaged CNS lesions or indirectly by involving paracrine mechanisms and inducing multiple restorative pathways [9] . The published clinical studies were phase I [10] [11] [12] [13] [14] or phase II [15] trials that administered autologous MSCs to MS patients. Most of them have denied transplant-related major adverse events and further documented some clinical or radiological benefits following the intrathecal (IT) or intravenous (IV) administration of autologous MSCs. However, this should be interpreted with caution admitting their open-label design. To overpass these limitations, a randomized placebo-controlled phase II trial has administered a single IV dose of autologous MSCs or placebo to 9 MS patients [16] . The treatment resulted in a trend wise decrease in the cumulative gadolinium enhanced lesions at 6 months and a reduction in their mean number at 12 months. However, it did not differ from placebo in terms of disability progression.
Besides administering a single IV dose of BM-MSCs, the rationale for using multiple doses has been supported by recent studies. In one of them, Lublin and colleagues ran a randomized, placebo-controlled study in 16 MS patients [17] . The latter has highlighted the safety profile and the encouraging clinical outcome that resulted from the administration of multiple IV doses of mesenchymal-like cells derived from healthy, full-term human placental tissue. In another study, Li and colleagues have administered either an anti-inflammatory treatment alone (control group) or in combination with IV human umbilical cord-derived MSCs (hUC-MSCs) three times in a 6-week period for each of the 23 enrolled MS patients [18] . The hUC-MSCstreated patients had a significantly lower disability scores and relapses and a shift from Th1 to Th2 immunity compared to the control group.
All these studies confirm the safety profile of MSCs, whereas the discrepancy in their outcomes could have arisen from various points of difference that deserve to be addressed. First, MS patients represent a heterogeneous group with diverse presentations and clinical outcomes. In this context, MSC trials have presented a great variability regarding patients characteristics; for instance, some studies have recruited patients with unspecified active MS [11] , while others have enrolled patients with RR MS [16] , progressive MS [10, [12] [13] [14] [15] or both [17] .
Second, the route of administration varied among studies; it consisted of IV [12, [15] [16] [17] , IT [10, 13, 14] , or both routes [11] . Keeping in mind that EAE studies with positive outcomes used the intrathecal route [19] and that most of the MS intrathecal trials were tolerated except in one patient who received high dose [13] ; this route might be superior to the IV one for the following reasons: on the one hand, the controversy regarding the ability of the IV dose to cross the blood-brain barrier might limit its mechanism of action to immunomodulation without regeneration [20] . On the other hand, IT local effects are needed in progressive MS where disability is usually associated with spinal cord pathologies. Third, the difference in the number of doses could be an important contributor to the observed variation in responses, as multiple doses were required to induce clinical benefits compared to a single dose in some EAE studies [19] . Fourth, the difference in the origin, the preparation and the storage conditions of MSCs can also have an impact on the various studies outcomes.
Besides the classical use of MSCs, mesenchymal stem cell-derived neural progenitors (MSC-NPs) are a subpopulation of MSCs with reduced potential of unwanted mesodermal differentiation which makes them more suitable for CNS transplantation [21] . Interestingly, an ongoing phase I clinical trial is currently administering MSC-NPs to patients with progressive MS with a design that takes into consideration the above limitations: Three doses of autologous IT MSC-NPs separated with a three-month interval [21] . Its results are highly awaited.
Future perspectives
The above data altogether support the potential benefits of HSCs and MSCs in patients with progressive MS, and should pave the way for large-scale studies, that compare the outcomes of different variables (origin of stem cells, dose amount and number, route of administration, storage conditions, etc.).
Other stem cells therapies are being investigated, namely the potential role of induced pluripotent stem cells (iPSCs), which can be harvested from almost any somatic cell type [9] . Interestingly, iPSCsderived neural precursors cells and oligodendrocyte precursor cells could develop into mature oligodendrocytes and might therefore constitute good candidates for restoring the remyelination process in MS. However, sufficient evidence is still lacking and further studies are needed before drawing any conclusion.
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